Introduction {#sec1}
============

With the development of the automobile industry, convenient transportation brings great revolution and, at the same time, also brings security problems, especially when the automobile tire is punctured on the highway, it is an urgent safety problem that is to be solved. Natural rubber (NR) is a natural carbohydrate composed of *cis*-1,4-polyisoprene and nonrubber substances such as protein,^[@ref1],[@ref2]^ sugars, and ash,^[@ref3],[@ref4]^ in which the unsaturated double bonds of NR are easily oxidized, leading to poor thermal stability.^[@ref5]−[@ref7]^ Thus, the automobile tire prepared by NR would cause heat when rubbed on the ground of the highway for a long time.^[@ref8]−[@ref10]^ When the heat cannot be conducted out, it accumulates inside the NR, causing heat aging of the NR and tire puncture.^[@ref11]^ In industrial production, carbon black and silica were usually used to fill and reinforce NR,^[@ref12]^ but the use of these two fillers would cause serious dust pollution,^[@ref13]^ and there was almost no improvement in the thermal properties of NR. Currently, some researchers are trying to use graphene (GE) to reinforce NR.^[@ref14]^ Graphene was composed of carbon atoms in multiple hexagonal lamellar structures.^[@ref15]^ This structure of graphene can not only transfer heat^[@ref16]^ but also export heat to prevent heat accumulation in NR,^[@ref17],[@ref18]^ avoiding heat aging of NR.^[@ref19]^ The traditional graphene was prepared with graphite, but it could not be used industrially due to its high cost.^[@ref20]^ Recently, the researchers have successfully produced graphene from biological husks such as corn stalks and rice husks.^[@ref21],[@ref22]^ Corn flour is a rich source of agricultural product, which has the advantages of wide sources, diverse varieties, cheap prices, short regeneration cycles, and no pollution to the environment, so we used self-made cornmeal graphene (CGE) to reduce costs of graphene in this work, and the CGE was modified with coupling agents to improve the mechanical and thermal properties of the NR nanocomposites.

Experimental Section {#sec2}
====================

Materials {#sec2.1}
---------

Natural rubber (NR) was obtained from Hainan Natural Rubber Industrial Group (China). Cornmeal graphene (CGE) was self-made from corn (the performance of CGE and commercial graphene was similar). Silica (SJ-Z 95, industrial grade) was supplied by Shandong Weifang Sanjia Chemical Co., Ltd. Sulfur (industrial grade) was supplied by China Brother Chemical Factory Group Corporation. Accelerator M (2-mercapto-benzothiazole, industrial grade) was purchased from Henan Kailun Chemical Co., Ltd. Silane coupling agents KH550 (3-triethoxysilyl-1-propylamine), KH590 (3-mercaptopropyl trimethoxysilane), and Si69 (bis-g-(triethoxysilane), analytical grade) were obtained from Nanjing Shuguang Chemical General Factory. Other additives were commercially available in the rubber industry.

Sample Preparation {#sec2.2}
------------------

The cornflour sample was taken out and placed in a beaker, and 1 mol/L phosphoric acid solution was added to it at a mass ratio of 1:3 (phosphoric acid/corn flour) with stirring. The sample was left for 24 h, filtered, and washed repeatedly with deionized water until the pH was neutral. The dried sample was put into a tube furnace (TNG1200-60, Shanghai Shinbae Industrial Co., Ltd., China) with nitrogen flow, and the temperature was increased to 900 °C for 90 min at a heating rate of 5 °C/min. Then, the dried sample was cooled to room temperature, and the sample was taken out and ground into powder. Moreover, nickel powder was added to the powdered sample and placed again in the tube furnace with nitrogen at 900 °C for 90 min. After removing the sample, the sample was added with 0.5 mol/L hydrochloric acid solution with stirring. The sample was repeatedly filtered with deionized water until the pH was 7, and then dried in an oven after standing for 12 h. Finally, the CGE was prepared by the Hummers method.^[@ref23]^ The obtained CGE was graphene by X-ray diffraction (XRD) and Raman characterization,^[@ref24],[@ref25]^ and the crystal surfaces were (002), (101), and (004), and 2θ = 26.5° by the XRD test; the height of the G peak and the 2D peak was roughly equal by the Raman test.

The CGE was placed in a beaker with distilled water at 60 °C under ultrasonication for 30 min, then filtered and dried. After that, the CGE was coated with a modifier KH550 (KH590 or Si69), stirred until a homogeneous dispersion, and dried to prepare modified CGE. The NR was kneaded on a double-roll mill manufactured (SK-160 B) by Shanghai Qicai Hydraulic Machinery Co., Ltd. at a roller temperature of 45 °C and a distance of 0.8 mm for 20 min. After that, the roll spacing was adjusted to 2 mm and added with carbon black, stearic acid, zinc oxide, accelerator M, sulfur, and modified CGE. They were mixed at a roller temperature of 55 °C for 30 min, in which the basic formula was 100 phr NR (parts per hundred rubbers, mass g), 5 phr carbon black, 3 phr zinc oxide, 2 phr accelerator M, 1 phr sulfur, 2 phr stearic acid, 1.5 phr antioxidant D, and 0.02 phr modified CGE. Finally, the mixtures were cured in an electrically heated hydraulic press (XLB-D350 × 350 × 2, Shanghai First Rubber Machinery) at 150 °C under a pressure of 10 MPa for 30 min. The preparation process of the sample is shown in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"} (graphene was treated with the coupling agent KH590).

![Process of KH590-CGE/NR.](ao9b04343_0007){#fig1}

Characterization {#sec2.3}
----------------

Tensile strength was determined by an electronic universal testing machine (CSS-2200) produced by China Changchun Intelligent Instrument Equipment Co., Ltd. According to ISO37, Shore A hardness was measured by a rubber hardness tester (LX-A) produced by Shanghai Liuling Instrument Factory according to ISO 48. Wear attrition was determined using a rubber abrasion tester (GT-7012-D) produced by Gaotie Testing Instrument Co., Ltd. according to BS903A9. The thermal properties were studied using a Jiangsu Test Mechanical Ltd. (Jingdu) aging oven (401 B) at 200 °C for 24 h according to ISO188. For each of the measurements, with the average reported for at least five readings, the errors in the measurement of mechanical properties were within 10%.

The thermal stability of the sample in a nitrogen atmosphere was tested using a thermogravimetric (TG) analyzer (STA 449 F 3 Jupiter, German Netzsch Co., LTD.) from 20 to 600 °C at a heating rate of 5 °C/min. Differential scanning calorimetry (DSC) was performed by a DSC instrument (204 F 1 UK Malvern Co., Ltd.) from 40 to 550 °C at a heating rate of 10 °C/min. The vulcanizate samples were fractured in liquid nitrogen, then the fracture surface was sputtered with gold, and the fracture morphologies of the samples were observed by scanning electron microscopy and elemental analysis (SEM, model S-4300, Hitachi Co., Japan). The infrared spectra of the samples were recorded using a Fourier transform infrared (FTIR) spectrometer (model Spectrum 2000, PerkinElmer Co.). FTIR spectra were collected after 256 scans at 2 cm^--1^ resolution in the region of 4000--400 cm^--1^.

Results and Discussion {#sec3}
======================

Effect of CGE Content on the Mechanical and Heat Resistance of CGE/NR Nanocomposites {#sec3.1}
------------------------------------------------------------------------------------

The effects of the CGE content on the mechanical properties and heat aging properties of CGE/NR nanocomposites are shown in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}.

![Effect of CGE content on (a) tensile strength, (b) elongation at break, and (c) Shore A hardness of CGE/NR nanocomposites.](ao9b04343_0008){#fig2}

The tensile strength and the Shore A hardness of the CGE/NR nanocomposites slowly increased with the addition of CGE before heat aging, and the elongation at break slowly decreased. When the CGE content was 0.02 phr, the mechanical properties of the CGE/NR nanocomposites showed the highest value after heat aging. Generally, the smaller the difference between the mechanical properties before and after aging is, the better the heat resistance of the materials. When the CGE content was 0.02 phr, the difference between the mechanical properties was the smallest, so the heat resistance of the CGE/NR nanocomposites was the best. It could be explained that the CGE could be adsorbed on the macromolecular chain of NR. When the CGE content increased, the adsorbed points increased, limiting the movement of the NR molecular chain before heat aging. If NR macromolecular chain orientation had to be made, a greater force was required, making the tensile strength and Shore A hardness increase. With the addition of CGE, the viscosity and flexibility of the nanocomposites slowly decreased, so its elongation at break gradually reduced. When the content of CGE as a nano-sized filler exceeded 0.02 phr, the CGE would agglomerate and difficultly disperse in the NR, making uneven local stress of the nanocomposites and the poor reinforced effect. Moreover, the behavior of the CGE hole changed from the original heat conduction to heat storage.^[@ref26]^ The heat storage of CGE increased, and the heat could not be released. There was a heat difference in the samples' local area so that the heat resistance of the nanocomposites was improved. Therefore, when the CGE content was 0.02 phr, the mechanical properties and heat resistance of the CGE/NR nanocomposites can be improved.

Effect of Coupling Agents on the Mechanical Properties of CGE/NR Nanocomposites {#sec3.2}
-------------------------------------------------------------------------------

The mechanical properties of CGE-modified NR were not significantly increased as in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}. The surface of CGE was treated with KH550, Si69, and KH590 coupling agents to modify NR. With the addition of the coupling agents, the tensile strength, elongation at break, and Shore hardness of the CGE/NR nanocomposites were higher than those without coupling agents before heat aging as in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}, and the mechanical properties of KH590-CGE-modified NR nanocomposites were better than those of KH550-CGE/NR and Si69-CGE/NR nanocomposites. Compared with NR, the tensile strength, elongation at break, and Shore A hardness of KH590-CGE/NR nanocomposites increased by 16, 14, and 17%, respectively. The difference between the mechanical properties of KH590-CGE/NR nanocomposites before and after heat aging was the smallest in three coupling agent-modified NR nanocomposites, indicating that the thermal property was the best. This suggested that the CGE was an inorganic material, and NR was an organic polymer, and one end of the coupling agent and NR was connected by chemical bonding, and the other end of the coupling agent and CGE was connected by physical adsorption. KH590 (HS(CH~2~)~3~Si(OCH~3~)~3~) had less steric hindrance than Si69 ((H~5~C~2~O)~3~Si(CH~2~)~3~S~4~(CH~2~)~3~Si (H~5~C~2~O)~3~), and HS-group of KH590 was more suitable for modifying CGE/NR nanocomposites than the NH~2~ group of KH550 (NH~2~(CH~2~)~3~Si(OC~2~H~5~)~3~). HS and NR formed chemical cross-links, so the modified effects of KH590-CGE/NR was the best.

![Effect of the coupling agent on the (a) tensile strength, (b) elongation at break, and (c) Shore A hardness of CGE/NR nanocomposites.](ao9b04343_0004){#fig3}

Effect of Coupling Agents on the Wear Resistance of CGE/NR Nanocomposites {#sec3.3}
-------------------------------------------------------------------------

The wear resistances of NR, CGE/NR, KH550-CGE/NR, Si69-CGE/NR, and KH590-CGE/NR nanocomposites were 0.062, 0.060, 0.054, 0.054, and 0.052 mm^3^/m, respectively, in [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}. The wear resistance of CGE/NR nanocomposites was less than that of NR, and the wear resistances of the coupling-agent-modified CGE/NR nanocomposites were smaller than those of CGE/NR nanocomposites, which meant that CGE and the coupling agent could improve the wear resistance of nanocomposites, especially KH590-CGE/NR nanocomposites was the best in wear resistance. This could also be explained with the mechanical properties of the adsorption theory. The NR and CGE cross-linked to form a denser network structure, where the friction generated improved the wear resistance of the nanocomposites.

###### Effect of Coupling Agents on Wear

  coupling agent   wear (mm^3^/m)
  ---------------- ----------------
  NR               0.062
  CGE/NR           0.060
  KH550-CGE/NR     0.054
  Si69-CGE/NR      0.054
  KH590-CGE/NR     0.052

Effect of Coupling Agents on the Thermal Stability of CGE/NR Nanocomposites {#sec3.4}
---------------------------------------------------------------------------

The unsaturated NR, with poor thermal stability, is limited by its applications. There were two mass loss stages of CGE/NR nanocomposites in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}a and the corresponding degradation peaks in the DTG curve in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}b. The first mass loss occurred at about 150 °C, and a weak degradation peak appeared in the DTG curve, which suggested that small molecules such as stearic acid and coupling agents in the nanocomposites were volatilized or decomposed. Another mass loss appeared at about 350 °C, and the TG curves were close to flat at about 475 °C; there was a main degradation peak in the DTG curve. It could be explained that the molecular chain of the NR was decomposed (at 243 °C), followed by Si69-CGE/NR, KH550-CGE/NR, and finally KH590-CGE/NR nanocomposites. The second decomposition temperature of the KH590-CGE/NR nanocomposites was 280 °C, which was 37 °C higher than that of NR. It was considered that the free radical of Si69 could make NR decompose earlier and easily combined. The coupling agent KH550 did not improve the thermal stability of NR. KH590 could improve the thermal stability of NR due to its small steric hindrance and cross-linking with NR, limiting the movement of NR.

![TG (a) and DTG (b) curves of NR and CGE/NR nanocomposites.](ao9b04343_0005){#fig4}

As most rubber products are used at around 150 °C, the thermal stability of rubber at this temperature is extremely important. The decomposition of KH550-CGE/NR, Si69-CGE/NR, and KH590-CGE/NR nanocomposites was earlier than that of NR due to the volatilization of the coupling agent in the nanocomposites. If the used temperature of nanocomposites was about 150 °C, the CGE/NR nanocomposites could be used directly. NR will undergo temperature changes during the degradation process, and endothermic or exothermic phenomena may occur. Due to the structure and excellent thermal conductivity of CGE,^[@ref27],[@ref28]^ the addition of CGE would improve the thermal properties of the CGE/NR nanocomposites. The curves first showed a downward trend from 0 to 300 °C as in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}a, which meant that the samples were in the exothermic process. When the temperature exceeded 300 °C, it was in the degrading and endothermic process, and the mass loss stage of TG curves corresponded to the main degradation peak of DTG curves. The KH590-CGE/NR nanocomposites showed the largest heat change, their heat flow rate increased from −9.9 to −3.9 mW/g, and their thermal conductivity increased by 6.0 mW/g.

![(a) High-temperature and (b) low-temperature DSC curves of NR and CGE/NR nanocomposites.](ao9b04343_0001){#fig5}

The heat change of NR was the smallest in the same temperature stage, and its heat flow rate was increased from −40.1 to −38.8 mW/g. This indicated that the addition of CGE could fully exert thermal conductivity, which improved the thermal conductivity and thermal stability of the nanocomposites.

In the low-temperature region, the first glass transition temperature (*T*~g~) was −61.8 °C of KH590-CGE/NR nanocomposites in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}b, followed by CGE/NR nanocomposites, and finally NR (−63.2 °C), which suggested that the low-temperature resistance of NR was better than those of CGE/NR and KH590-CGE/NR nanocomposites, while the *T*~g~s of the latter two were higher than that of NR, and the *T*~g~ of KH590-CGE/NR nanocomposites was the highest, which meant that the low-temperature resistance of the CGE-modified NR nanocomposites was weaker. It could be explained that the low-temperature resistance of NR was determined by the double bonds and side groups in the macromolecular chain. The addition of a coupling agent would make NR cross-link with the coupling agent and CGE adsorb on the coupling agent, changed the double bond structure of the NR molecular chain and increased the polar side group, forming some intramolecular hydrogen bonds, making the flexibility decrease and *T*~g~ increase. In summary, the KH590-CGE/NR nanocomposites were suitable for high-temperature resistance, followed by KH550-CGE/NR and Si69-CGE/NR, respectively. CGE/NR nanocomposites are suitable for room temperature (about 150 °C), and NR is suitable to be used in a low-temperature environment.

Microscopic Morphology and Structure of CGE/NR Nanocomposites {#sec3.5}
-------------------------------------------------------------

The SEM images of the CGE/NR nanocomposites and the EDS image of KH590/CGE/NR nanocomposites are presented in [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}. The CGE was not well dispersed in the NR without a coupling agent, and some CGEs were agglomerated. After the addition of the coupling agent, the dispersion of CGE in the NR was improved. Compared with the CGE/NR nanocomposites, a small amount of agglomeration occurred upon adding KH550 and Si69, and there was no agglomeration of CGE with KH590. The EDS image of KH590/CGE/NR nanocomposites showed that the elemental composition of these big spots was the C element of CGE, and it can be seen that the CGE treated with KH590 was dispersed well in the NR.

![SEM images of CGE/NR nanocomposites with the coupling agent and EDS image of KH590/CGE/NR nanocomposites.](ao9b04343_0002){#fig6}

As shown in [Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}, the −OH peak (at 3437 cm^--1^) is associated with the stretching vibration of the NR, and the hydroxyl stretching vibration absorption peaks of the CGE/NR and the KH590-CGE/NR nanocomposites gradually became smaller. The C=C peak (at 2920 and 1635 cm^--1^) and the C--O peak (at 1099 cm^--1^) associated with the stretching vibration of the NR, and those peaks of CGE/NR and KH590-CGE/NR nanocomposites decreased gradually. This indicated that the chemical structure of the NR modified with CGE and KH590 was changed. It could be that one end of KH590 and NR was connected by chemical bonding and the other end of KH590 and CGE was connected by physical adsorption. In addition, the presence of the coupling agent KH590 could better combine CGE with NR and further reduce the number of double bonds in the composites. Moreover, the C--O bond was oxidized by the C=C bond, and the reduction of the C=C bond would correspondingly reduce the number of C--O bonds, thus improving the thermal stability of the NR more.

![FTIR spectra of NR and CGE/NR composites.](ao9b04343_0006){#fig7}

Conclusions {#sec4}
===========

In summary, we have successfully prepared KH590-CGE/NR nanocomposites using a 2 phr KH590 coupling agent treated with 0.02 phr graphene and 100 phr natural rubber. Compared with NR, the thermal conductivity of the KH590-CGE/NR nanocomposites was improved by 6.0 mW/g, the decomposition temperature was increased by 37 °C, its tensile strength was increased by 16%, elongation at break was increased by 14%, and wear resistance was improved by 17%. The KH590-CGE/NR nanocomposites had the best compatibility and dispersibility.
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